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Summary 
The paper presents a progressive collapse analysis of a selected two-bay steel frame structure using 
the general purpose finite element package ABAQUS. The collapse behaviour of the steel frame 
structure subject to sudden column removal using different modelling approaches and different time 
variations is investigated. The structure is modelled using beam elements and combination of beam 
and shell elements. The modelling technique is identified to get a better understanding of the 
influence of using different types of elements when assessing the dynamic and collapse behaviour 
of structures. 
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1. Introduction 
Progressive collapse is generally regarded as a dynamic phenomenon. The sudden losses of key 
elements of a building such as columns and beams due to abnormal loading may lead to an altered 
pattern of load distribution and changed boundary conditions in a structure and, in consequence, 
progressive collapse. For instances, a close explosion is likely to result in the immediate loss of a 
column whilst vehicular collision with the structure might cause the failure of one end of a column 
leading to a more gradual collapse. Such losses will initiate different forms of dynamic instability of 
individual structural elements and may affect the entire load-displacement behaviour of the 
structure.  
In carrying out progressive collapse analysis, there are two aspects that need to be considered which 
are the investigation tool and the type of analysis. It is found that the majority of the research on 
progressive collapse employs the finite element method as the investigation tool. The finite element 
method is preferable due to its minimal cost compared to experimental modelling and the 
computational advancement which has allowed the complex dynamic analysis to be easily 
undertaken [1]. The majority of the finite element analysis of progressive collapse used beam 
element as the modelling approach.  The beam element is adequate to predict the overall behaviour 
of the analysed frame structure. However, it is not possible to model, in detail, a structure using the 
beam element method, as the beam element represents the frame members as lines connected at 
their intersection where the member cross sections have been generalized. The generalization of the 
cross-sectional profile into a line element makes it unable to capture local effects occurring in the 
structure [2]. Progressive collapse analysis implies linear and nonlinear static and dynamic analysis 
as an option for studying the structural response under collapse. It has been suggested that 
progressive collapse analysis can be conducted statically, however the results may underestimate 
the realistic response of the structure when experiencing collapse [3]. Therefore it is preferable for 
progressive collapse to be simulated dynamically, where both material and geometric nonlinearities 
can be captured [3].  
Recently, researchers have been developing various methods in conducting progressive collapse 
analysis. The most well-known method used by researchers when analysing structural progressive 
collapse is known as the alternate load path method, established by the General Service 
Administration [4]. This method is intended to verify the structural robustness and evaluate the 
behaviour of a structure after the triggering event [4]. In this method, a column is removed over a 
short period of time and this removal is investigated to understand the instantaneous effect on the 
structural behaviour. The philosophy behind this approach is that the transition from the initial 
design configuration to the state after the column is removed is assumed to be instantaneous and 
therefore the structure is susceptible to dynamic effects [4]. This method has been extensively 
applied by previous researchers such as [5], [6], [7] and many others. Few of the researchers 
mentioned above have investigated the progressive collapse phenomena by looking at various 
different parameters including the effect of bracing, types of structures, analysis method and many 
other variables. However, no investigation has been undertaken to date to examine the progressive 
collapse of buildings taking into consideration to the effects of the time taken to removing a column 
and the influence of different modelling approaches. 
As part of on-going research, this paper aims to emphasize the significant impact that the speed of 
column removal has on the displacement of a three dimensional steel frame structure under 
different column removal scenarios and to show how different modelling approaches influence the 
analysis results obtained. As a case study, a two-bay steel frame structure was initially designed 
using SAP 2000 software [8].  Using the ABAQUS finite element software, the steel frame 
structure was developed further using beam elements and a combination of beam and shell elements 
[9]. Initially, the structural period that is associated with the response of column removal is 
determined and followed by an implicit dynamic analysis in order to simulate the various effects of 
column removal.  
2. Structure description and the finite element model  
The case studied is a re-designed structure based on 
the frame model proposed by Wang et al. [10]. The 
original model is a composite frame composed of 
steel columns and beams with a composite slab and 
cross bracings. The cross bracings are used to restrain 
the frames along grid lines A and B (Frame A and 
Frame B) in order to prevent lateral movement. The 
beams are connected to the columns by means of 
flush end plate connections. Additional information 
regarding the structure can be found in [10]. 
For verification of the finite element modelling,  
Frame A of the experimental structure shown in Fig. 
1 has been modelled using ABAQUS version 6.10. 
The reason for only simulating Frame A is because 
the interaction of the load-carrying phase between 
Frame A and Frame B can be neglected as mentioned 
in [10]. The moment-rotation curve at joint 1 obtained 
from the experimental results in [10] is used to 
compare with the moment rotation curve obtained 
Fig. 1: General layout of the experimental 
structure, [10] 
Fig. 3: Comparison of the moment-rotation curve at joint 1. 
Fig. 2: Finite elements model of Frame A, 
ABAQUS version 6.10. 
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from the simulation. A series of nonlinear static analyses was implemented to simulate the applied 
loading procedure undertaken in the experiment. The finite element model of Frame A of the steel-
concrete composite structure and the moment-rotation curve results at joint 1 are presented in Fig.2 
and Fig.3 respectively. The finite element simulation results compares well in terms of the initial 
structural stiffness but has overestimated the yield moment by 11.2%. Also, the simulation has 
underestimated the rotational capacity by 47.4% compared to the test results. The discrepancies of 
the results between the finite element and experimental models are probably due to two main 
reasons, namely: (1) the difficulty in predicting the correct joint rotational stiffness of the semi-rigid 
joint connection and (2) the modelling imprecision of the influence of the concrete slab on the 
structure. Consequently, after taking into considerations the causes behind the results obtained, it is 
considered that the finite element modelling results are in a fair agreement with the experimental 
results and hence gives confidence to the authors to proceed with the same modelling procedure. 
In this work, in order to avoid the difficulty in modelling the joint rotational stiffness, the two-bay 
steel composite frame structure has been re-designed as a steel frame structure. The concrete slab is 
not considered due to the inaccuracy of the concrete modelling in the verification model. With the 
exclusion of the concrete slab, the simulation effort in terms of geometry and material complexity 
in the model can also be reduced significantly.  
2.1 Steel frame design 
The new designed sections of the steel frame are determined using the integrated steel frame design 
program provided in SAP 2000 software [10]. The steel frame structure has been designed on the 
basis of a “Simple Design” in accordance with Euro code 3 Part1-1:2003 (Design of steel structures) 
included in the program [11]. For the re-designed structure, the height of the columns, the length of 
the beams and bracings and the location of the applied loads remained the same as the original 
model shown in Fig.1.  Isotropic material properties are assigned throughout the structure. Young’s 
modulus (E), Poisson’s ratio, minimum yield and ultimate tensile stress of the steel frame material 
are set to values of 211000 N/mm 2, 0.3, 355 N/mm2 and 455 N/mm2 respectively. For the bracing 
m 2 and Poisson’s ratio to 0.3. The 
minimum yield and ultimate tensile 
stress of the bracing materials are set to 
be identical with those used for the 
actual steel frame. Furthermore, the 
density of the steel frame was taken to 
be 7850 kg/m3. The columns supports 
are defined as fully fixed in all the 
translational and rotational axes. All 
beams are uniformly loaded with a 
dead load of 9.1 kN/m. In Frame A, 
beam 1 and beam 2 are loaded with a 
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iaterial, the Young’s Modulus (E) is set to 195000 N/mm
Table 1: Comparison of the re-designed and original frame  
sections. 
Design 
section 
Re-designed 
frame Wang et.al (1996) 
Beam 1-4 UB533X210X92 HN300X150X6.5X9 
Beam 5-8 UB203X102X23 HN200X100X5.5X8 
BB 1-4 UB203X102X24 HN200X100X5.5X8 
Column UB203X203X52 HN250X250X9X14 
Bracing 20mm in dia 20mm in dia pair of unfactored concentrated live 
oads of 190 kN and 176 kN at a distance of 1.7 m and 3.3 m measured from the right end of each 
eam respectively. A pair of unfactored concentrated live loads of 181 kN and 57 kN were applied 
orrespondingly on beam 3 and beam 4 and positioned at the distance of 1.7 m and 3.3 m from each 
eam in Frame B. Finally, the completed structure is analysed using a static analysis under the 
pplied load and was followed by the steel frame design check for the determination of the 
ptimum sections required for the structure. Table 1 shows the final sections adopted for the re-
esigned frame compared to the original structure. 
.2 Finite element model 
o investigate the dynamic collapse of the steel frame structure, the centre column of Frame A of 
he structure is subjected to different rates of impact loadings, which subsequently caused a sudden 
oss of the column. Therefore, the structure has to be modelled assuming two different 
onfigurations, which are the complete steel frame structure and the steel frame structure without 
he centre column of Frame A. The finite element model of these structures is developed using the 
ommercial finite element package ABAQUS version 6.10 and SAP 2000. Two different types of 
lements, namely beam and shell are used to form the steel frame structures. The primary objective 
s to compare the influence of using different types of element or a combination of them when 
assessing the dynamic and collapse behaviour of the structure. Three-node, quadratic beam 
elements (B32) and six-node, reduced integration shell elements (S8R) are used to build up the 
models. Both of the elements are integrated numerically over the section, where the material 
behaviour is evaluated independently at each point on the section [9].  
2.2.1 Geometric and material models 
The models with and without 
the centre column of Frame A 
are initially built using beam 
elements in the ABAQUS and 
SAP 2000 analysis software. 
Thereafter, using the 
combination of beam and shell 
elements approach, more 
modelled using shell element. All mem
the tie constraint option which is equiv
are connected at specific nodes to the c
provides a revolute connection betwee
rotation in axis 1, hence causing the cr
and Fig.5 shows the COMBO and bea
modelled in ABAQUS. 
In the beam element model, the steel b
through their centroid using default rig
columns using the hinge connector as 
of modelling used, the associated perio
15% to 20% from the values obtained 
(sec) 
 
Fig 4: Finite element model for 
COMBO model, ABAQUS. 
Fig 5
beam
B  B
detailed models, named here as 
the COMBO model, are built in 
ABAQUS. As for the latter 
approach, only the cross-
bracings are modelled using 
beam elements, whilst all the 
other parts of the structure are 
bers, except the cross-bracings are tied to each other using 
alent to providing a rigid connection [2]. The cross-bracings 
olumn using a type of hinge connector. This connection 
n their rotational degrees of freedom and only allows the 
oss-bracings to behave as if they were pin connected. Fig. 4 
m element model of the two bay steel frame structure 
eams and columns of Frame A and Frame B are connected 
id connections. The cross-bracings are connected to the 
described earlier. All the material models and the boundary 
3. Frequency analysis  
3.1 Frequency analysis 
Frequency analyses were carried out on all 
the finite element models built in this study. 
The main purpose was to determine the 
natural frequencies, which are required when 
carrying out a nonlinear progressive collapse 
dynamic analysis. Results, in terms of the 
natural period that is associated with the 
structural response mode for the vertical 
element removal are determined and 
compared.  
3.2 Structural periods and mode 
shapes comparison 
Table 2 and Table 3 summarise the results of 
the associated natural periods (T assoc) for all 
the finite element models investigated in the 
present study. The two tables correspond to 
: Finite element model for 
 element model, ABAQUS. condition are the same as mentioned in section 2.1.  
Table 2: Comparison of periods for different modelling 
approaches before column removal. 
Before column removal, 
ABAQUS 
Modified  Type 
SAP 
2000 Beam 
model 
COMBO 
model  COMBO  
T assoc 
(sec) 0.1464 0.1424 0.2091 0.1745 
 
Table 3: Comparison of periods for different modelling 
approaches after column removal. 
Before column removal, 
ABAQUS 
Modified  
Type 
SAP 
2000 
Beam 
model 
COMBO 
model  COMBO  
T assoc 0.1792 0.1769 0.2541 0.2017 
the model configuration before and after the 
removal of the centre column. For all types 
ds of the structure without the centre column are reduced by 
with the centre column present. This is an indication that the 
structure has become less stiff after the removal of the centre column. There is less than 0.5 % 
difference between the periods obtained from both of the beam element models developed in SAP 
2000 and ABAQUS analysis software. However, the periods obtained from the COMBO model are 
significantly higher, around 30% compared with both beam element models. After undertaking a 
detailed check, the discrepancy is thought to be due to the difference in the end beam to column 
condition as indicated in Fig. 6(a) and 6(b) of the models. In beam element model, the elements are 
modelled as line elements connected at centre point. Fig. 6(a) shows how the end condition of the 
beam element is modelled when it is rendered. However, the cross-sectional dimensions of the 
actual structural members are finite. There is some overlap of the cross sections when two elements, 
such as a beam and column, are connected at a joint. Whereas, in the COMBO model, the beam is 
properly offset to the surface of the column flange as shown in (Fig.6 (b)). Therefore, it can be said 
that the stiffening effect caused by the overlapping cross-sections at the connections has 
overestimated the stiffness of the beam element model [8]. To justify this hypothesis, an additional 
COMBO model, named the modified COMBO was built where stiffeners were attached to the 
columns in line with the beam flange as shown in Fig.6(c). The addition of stiffeners in the 
modified COMBO model increases the stiffness of the structure and hence reduced the difference in 
the percentage of the period to 15.6% when compared to both COMBO and beam element models. 
Based on this investigation, it can be concluded that the analysis based upon the centreline to 
centreline geometry of the beam element model may overestimate the stiffness of the structure.  
Fig. 6: Different end beam to column conditions. 
It is well established that mass and stiffness are fundamental in determining the period of the 
structure, which then plays a significant role in establishing the speed at which an element is 
removed when undertaking the progressive collapse analysis of a structure. In addition, it has also 
been proven in this analysis that such parameters are significantly affected by the way the structure 
is modelled. This highlights the need to build a more realistic model where in this case, the 
COMBO model gave a better prediction of the structure period compared with beam model. The 
significance of the different periods obtained from all models will be further investigated in order to 
evaluate the influence of modelling a detailed structure when simulating the progressive collapse 
behaviour.  
4. Column removal analysis 
4.1 Column removal analysis 
The alternate load path method established by the General Service Administration is applied here to 
simulate the progressive collapse behaviour of the proposed models. The analyses are carried out on 
the three proposed numerical models investigated earlier (i.e. the beam, COMBO and modified 
COMBO models).  
Initially, a linear static analysis was undertaken to determine the reaction forces acting on the centre 
column of Frame A under the applied loads. The centre column was then removed and replaced 
with a vertical force reaction (R) in the upward direction. The nonlinear static analysis was then 
conducted to allow the structure to gain its initial deformed and stressed state. To simulate the 
instantaneous response of the structure, nonlinear dynamic analyses were then carried out, where 
the speed which is used to remove the vertical reaction force (R) is varied into three different cases, 
namely 1/10 (Tassoc), 1/100 (T assoc) and 2 (T assoc), where T assoc is the relevant period. The reason for 
varying the time (t) taken in removing the column is due to the fact that in reality, the time for the 
column to fail is event dependent. This means for different types of incidents such as an explosion, 
vehicular collision, fire and missile impact, different times for column failure are initiated. 
Therefore, if the dynamic response of a typical structure studied depends on several removal times, 
the results of the analysis perhaps will give a more comprehensive view of the overall response of 
the structure under different circumstances. The time-history for the instantaneous column removal 
at point B (see Fig. 4 and Fig.5) is defined by the *Amplitude option in ABAQUS. The results 
obtained from the column removal analyses undertaken on the proposed three models are presented 
and discussed in the next section. 
4.2 Comparison of time-displacement response for various column removal scenarios   
The effects of varying the time in removing the column on predicting the response of the studied 
structure are shown in Fig. 7, Fig. 8 and Fig. 9. Each of these figures shows the time-displacement 
response of the beam element, as well as the COMBO and modified COMBO models investigated 
under three different column removal time which are t=2T
 assoc, t=0.1T assoc and t=0.01T assoc. The y-
axis represents the vertical displacement measured at point B in mm while the x-axis denotes the 
corresponding time in seconds. For the beam element model, all three removal times will lead to the 
collapse of the model, albeit in a different time period for each time case as shown in Fig. 7. When 
the centre column was removed at t=2T
 assoc, the model was able to sustain its loads without the 
centre column for about 0.43 second before it started to collapse. For the other two time cases (i.e. 
t=0.1T
 assoc and t=0.01T assoc), the collapse behaviour obtained from the beam element model is 
almost identical where the vertical displacement at point B dropped to -77.01 mm before the model 
vibrated temporarily for about 0.1 seconds before it finally collapsed. The time-displacement 
response of the COMBO model, under the three removal time cases, follows the same basic 
characteristic as the beam element model where in all cases, the model collapsed after its centre 
column was removed. However, the effect of reducing the removal time on the vertical 
displacement at point B of the COMBO model is more pronounced compared to the values obtained 
from the beam element model (see Fig 8). In the case of t=2T
 assoc, it takes about 0.38 seconds after 
the column has been removed for the collapse initialisation in the COMBO model. Meanwhile, as 
the removal time is reduced to 0.1T
 assoc and 0.01T assoc, the structure is observed to collapse almost 
instantaneously after the centre column is removed.  
Fig. 10 Vertical displacement at point B for case 
t=0.01T
assoc
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Fig. 7 Vertical displacement at point B for beam 
element model 
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COMBO model
-800
-600
-400
-200
0
200
0 0.2 0.4 0.6 0.8
Time (sec)
Ve
rt
ic
a
l d
isp
la
ce
m
en
t 
a
t p
o
in
t B
Case (t=2T) Case (t=0.1T) Case(t=0.01T) 
Fig. 8 Vertical displacement at point B for 
COMBO model 
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Fig. 9 Vertical displacement at point B for 
modified COMBO model 
In contrast to both the beam and COMBO models, the modified COMBO model displays 
significantly different characteristic of the time-displacement response in all three removal 
scenarios as shown in Fig. 9. For the cases when t=2T
 assoc and t=0.1T assoc, the modified COMBO 
model is shown to be able to withstand the loss of the centre column without experiencing collapse. 
More specifically, the model gradually deformed and rested at its equilibrium state with a 
displacement at node B of -49.1mm in the case of t=2T
 assoc while for the case of t=0.1T assoc, the 
vertical displacement at point B dropped to -87.82 mm and the model vibrated substantially before 
reaching its final equilibrium state at -73.84mm. However, the further decrease in the removal time 
to t=0.01T
 assoc causes a significant change in the model response where its vertical displacement 
dropped to -111.53 mm. Then, it started to temporarily vibrate for about 0.5 seconds before 
collapsing fully.  
Based on the results presented, it can be 
concluded that the faster column removal time 
causes larger vertical displacement and dynamic 
effects in all the numerical models. Higher 
vibration amplitudes were shown when the 
column was removed over a very short period of 
time (see Fig. 7 and Fig. 9), which indicates that 
the inertia effect increases as the time taken in 
removing column decreases. The significant 
differences in the displacement behaviour for 
each model when subjected to various column 
removal time indicates that the speed in removing 
a column plays a significant role in determining 
the response of a structure. Hence, it is strongly 
suggested that the speed for a column to be 
removed needs to be varied when conducting a 
nonlinear dynamic analysis so that a more 
comprehensive view of the structure response to 
the column removal can be obtained. In this 
investigation, the column removal time was taken 
to be as twice, ten percent and one percent of the 
associated natural period of the structure. 
4.3 Effect of modeling approaches in 
column removal analysis.  
The effect of the particular modeling approaches 
used to model the time taken to removing the 
column is also studied. Only the results of the 
time-displacement response of each model for 
column removal case t=0.01 T
 assoc is presented in 
Fig.10. It is shown that the COMBO model is the 
most vulnerable to progressive collapse, followed 
by beam element model and the modified 
COMBO model. When the centre column at point 
B is subjected to column removal, the two side 
columns of Frame A buckled. This cause the 
strength of the remaining centre column to be 
insufficient to resist the concentrated force acting 
on the column flange as illustrated in Fig. 11. 
This particular type of configuration is not 
capable of redistributing the loads thus making it 
unable to resist progressive collapse. In contrast 
to the COMBO model, the addition of stiffeners 
in the modified COMBO model provides load continuity from beam to beam, which then makes it 
less susceptible to complete collapse. Fig. 12 shows the overall picture of the model and the close 
view at point B after column removal respectively. As mentioned in section 1, the beam element 
Fig. 11: Vertical displacement of COMBO 
model. 
Fig. 12: Vertical displacement of modified 
COMBO model. 
Fig. 13: Vertical displacement of beam element 
model. 
Point B 
Point B 
Point B 
numerical model is not capable in capturing the local effect of the structure when experiencing 
collapse. This is illustrated in Fig. 13, where only deformation contour can be generated from the 
analysis results. 
5. Conclusion  
The speed used to remove a column is an important parameter when predicting the dynamic 
response of the damaged structure. By varying the removal time from t=0.1Tassoc to t=0.01Tassoc, 
significantly different time-displacement responses are obtained as indicated in this investigation. 
Therefore, it is strongly suggested that when a dynamic analysis is performed to study the structural 
robustness against progressive collapse, the behaviour of a particular structure is investigated for 
various rates of inflicted damage. Through this, a comprehensive view of the structure after any 
triggering event can be acquired. In terms of modelling approaches, it can be concluded that 
modelling a structure using beam elements and a combination of beam and shell element as 
presented in this study results in different time-displacement responses. This is due to the different 
assumption made at the beam to column connections for each element method used. Modelling the 
beam element without a proper offset i.e. based upon the centreline to centreline geometry of beam 
element model may over estimates the actual stiffness of the structure. Realistically, such conditions 
do not exist for steel structures. The assumption made in the beam element model is more 
significant for a concrete structure rather than a steel structure. Therefore, when using the finite 
element method as a tool for investigating the progressive collapse behaviour, one should have a 
thorough understanding of the assumption and concepts used in each finite element software in 
order to produce accurate and useful results. 
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